This contribution illustrates the advantages of integrating conventional 14 geomorphological methods with InSAR, ground penetrating radar and trenching for 15 sinkhole mapping and characterization in a mantled evaporite karst area, where a 16 significant proportion of the karstic depressions have been obliterated by artificial fills. 17
subsidence mechanisms recorded by various deformation structures and cumulative 32 subsidence magnitude. (4) Calculating minimum long-term subsidence rates using
Introduction 40
The most important step in sinkhole hazard analysis is the construction of a 41 comprehensive sinkhole cartographic inventory. The reliability of sinkhole 42 susceptibility and hazard maps and the effectiveness of the mitigation measures depend 43 largely on the completeness, accuracy and representativeness of the sinkhole inventories 44 on which they are based (Galve et al., 2009a, b; Gutiérrez, 2010) . Sinkhole data bases 45 constructed for planning purposes should preferably include information on the 46 following aspects: (1) Precise location of the limits of the sinkholes and the underlying 47 subsidence structures. This is essential to define accurately the unstable areas, including 48 a setback distance around the sinkholes (Zhou and Beck, 2008) . It is important to bear 49 in mind that the subsidence structures and the sectors affected by settlement may cover 50 a larger area than the mapped topographic depressions (i.e. Gutiérrez et al., 2009) 
. (2) 51
Morphometric parameters. These data constitute the basis on which to analyse the 52 magnitude and frequency relationships of sinkholes, of great importance for hazard 53 assessment. (3) Geological, geomorphological and hydrological setting. A good 54 understanding of the local and regional geological context may provide clues on the 55 causal factors and relative chronology of the sinkholes. (4) Genetic type; that is 56 subsidence mechanisms and material affected by subsidence (Williams, 2004; Beck, 57 and monotonous sequence with no evidence of sedimentary breaks juxtaposed to a 238 creeping fault at the margin of a collapse sinkhole. C: Two stacked colluvial wedges 239 associated to the edge of a sinkhole recording two collapse and scarp rejuvenation 240 events. The dashed lines indicate the event horizons. D: Two overlapped fissure fills 241 associated with two unconformable sedimentary packages recording two subsidence 242 events that involve vertical displacement and tilting of the hanging wall. E: Two 243 sedimentary units bounded by an angular unconformity that truncates a fault in the 244 lower sedimentary package. These geometrical relationships can be explained by a 245 minimum of two subsidence events; one which created the accommodation space in 246 which the lower unit was deposited and a subsequent one that deformed the lower unit 247 and created the depression where the younger unit was accumulated. (6) Numerical ages 248 of selected stratigraphic units may provide information on the age of the sinkholes, the 249 timing of subsidence episodes, especially the most recent event (MRE). These events 250 are generally bracketed by maximum and minimum ages obtained from deposits 251 underlying and overlying the event horizons, respectively. The geochronological 252 information combined with deformation values can be used to calculate average rates of 253 subsidence and/or rotation. These long term displacement rates covering a wide time 254 span can be compared with those obtained using geodetic methods. All these data may 255 be used as an objective basis to forecast the behaviour of specific sinkholes and to select 256 the most adequate mitigation measures. 
The study area 270
The study area, covering approximately 27.5 ha, corresponds to a portion of a terrace of 271 the Ebro River upstream of Zaragoza city, NE Spain (Fig. 2) . The limits are defined by 272 those of a planning unit of the municipality of Zaragoza (sector F-61-2). It has a 273 triangular geometry elongated in the NW-SE direction and its northeast side coincides 274 with the edge of the N-232 highway ( Fig. 2A) . A large part of the zone is occupied by 275 crop fields, many of them abandoned, and buildings are relatively scarce. Before this 276 work was undertaken, a building company submitted a development plan for the area 277 (Fig. 2B) . The practical aim of producing a detailed sinkhole inventory was to elucidate 278 whether any sinkhole overlaps with the areas planned for the construction of buildings 279 and services. mainly due to decorrelation and loss of coherence in vegetated areas (Fig. 2C) . 374
Nevertheless, this analysis has yielded a significantly higher number of subsidence rate 375 values than the deformation map previously generated through the Small Baseline 376 Subset (SBAS) technique using ERS-1 and ERS-2 images with a pixel size of 90 m 377 (Castañeda et al., 2009a, b) . 378
379
In the second phase of the investigation, 26 GPR profiles with a total length of 2290 m 380
were acquired with an IDS (Ingegneria Dei Sistemi S.p.A.) georadar equipped with an 381 antenna of 400 MHz (Fig. 2A) . The profiles were acquired using the software 382 The multiphase and multiapproach investigation carried out has allowed us to map 12 418 sinkholes (Fig. 2C) , two of them located just outside the area of interest (sinkholes S10 419 and S11). Table 1 out by means of GPR and trenching in this sector, we were not able to define the limits 429 of this subsidence area. Consequently, we opted for the delineation of a line linking the 430 edge of the deformation zone of trench TC with the boundary of sinkhole S8, including 431 sinkholes S1, S2 and S3. We propose that the area located east of this line should be 432 considered as affected by sinkholes or particularly prone to subsidence (Fig. 2C) . 433 434 Sinkhole S5 hosts a permanent lake 65 m long and 40 m wide (Fig. 5) . In April 2009 a 435 bathymetric survey of the lake revealed a maximum depth in the central sector of 6.5 m 436 below the water level and 9-10 m below the surrounding ground. The asphalt road and 437 the wall located on the NW margin of this sinkhole are affected by crescentic cracks and 438 conspìcuous bending-related contractional deformation, respectively (Fig. 6) . SinkholeS9 causes the continuous bending of the N-232 highway forming a large pothole around 440 100 m long that requires frequent re-asphalting (Fig. 2C) . 441 442
Contribution of the different methods to the sinkhole inventory 443

Aerial photographs, topographic maps and field surveys 444
The aerial photographs and the old and detailed topographic maps from 1969 and 1971-445 72 have been the most helpful sources of information for the identification of sinkholes. 446
All of the inventoried sinkholes except S12 have been recognized in air photographs 447 (Fig. 3) . The most helpful ones happened to be the black and white images taken in The contour lines of the 1969 topographic maps at 1:2,000 scale depict 7 sinkholes (S1, 455 S3, S4, S6, S7, S10 and S11), whereas the 1971-72 maps, despite having a larger scale 456
(1:1,000), illustrate only 4 karstic depressions (S4, S5, S6, S10; Fig. 4) . One of the 457 advantages of the topographic maps with respect to the non orthorectified aerial 458 photographs is that they allow obtaining quite precise measurements of the axial lengths 459 and area of the depressions and estimating a minimum depth. On the other hand, the use 460 of images and maps from multiple dates gave us the opportunity of bracketing the age 461 of formation and filling of sinkholes. For example sinkhole S1 formed after the 462 acquisition of the 1957 aerial photographs and before the elaboration of the 1969 463 topographical map and sinkhole S2 was filled between 1927 and 1957 (Figs. 3 and 4) . 464
The rest of the sinkholes, except S12, formed before 1927 or 1957, age of the oldest 465 aerial photographs (Table 1) Corroborating the presence of filled sinkholes through the identification of man-made 468 deposits and deformed structures (Fig. 6) . The latter in some cases induced us to expand 469 the limits of some sinkholes initially mapped with aerial photographs and/or old 470 topographic maps. (3) Farmers indicated the approximate location of the buried 471 sinkhole S12, not recognizable in any remote-sensed image or topographic map. 472
InSAR 474
The radar interferometry analysis performed using ENVISAT The quality of the GPR profiles was very variable. A significant number of the profiles 491 displayed very low penetration. This circumstance is attributed to the high humidity of 492 the soils in crop fields due to sheet-flooding irrigation and the high content of clay in 493 the man-made ground that covers the terrace surface to a great extent. An additional 494 pitfall is that some profiles showed tilted reflectors that turned out to be artefacts after 495 the excavation of trenches (Profiles C, D, S and T and trenches TF, TK, TI and TM). 496
Conversely, some GPR profiles provided highly useful information. The profile H 497 allowed us to confirm the existence of sinkhole S2, interpreted with a limited level of 498 confidence with the 1927 orthoimage (Fig. 7) . This profile shows a reflector with a 499 synformal geometry 35 m long ascribed to the base of an artificial fill around 1 m thick 500 filling a sinkhole, most likely dominated by sagging subsidence. The GPR profiles P, 501
Bal 3 and Bal 4 facilitated the mapping of the edges of sinkhole S9. The profile P, 502 obtained along the NE shoulder of the N-232 highway, captured a synform around 70 m 503 long coinciding with the re-asphalted portion of the infrastructure in sinkhole S9. 504
Additionally, this profile did not show any evidence of deformation in the stretch of the 505 highway shoulder opposite to sinkhole S10, allowing us to map the limits of that karstic 506 depression outside of our study area. The profiles Bal 3 and Bal 4, carried out in thegarden of a private property, displayed a sharp change in the electrical impedance of the 508 subsoil coinciding with a degraded scarp, attributed to a change from natural ground to 509 a clay-rich artificial sinkhole fill and the edge of the sinkhole S9, respectively. The 510 profile B, acquired along an asphalt road, allowed us to corroborate sinkhole S12 and 511 locate it more precisely (Fig. 7) . Six trenches (TA, TB, TC, TD, TJ, TL) with a total length of 143 m were excavated in 519 the northwestern sector of the study area ( Fig. 2A) . Here, the InSAR analysis provided 520 subsidence rates for three pixels from 12.7 to 17.3 mm/yr and conspicuous damage on 521 human structures was observed in the field (Fig. 2C) . The aim of these trenches was to 522 map and characterize the active subsidence structure with no geomorphic expression. 523
Unfortunately, evidence of deformation was only found in trench TC and consequently 524 we were not able to define precisely the limits of the area affected by subsidence. This 525 is probably because dissolution-induced subsidence is primarily accommodated by 526 ductile sagging, creating an open basin structure with very low dips difficult to identify 527 in the trenched poorly stratified terrace gravel deposits. Trench TC exposed terrace 528 gravels with a N035E trending open fissure 1 cm wide that does not affect the overlying 529 man-made fill (Fig. 8) . The gravels situated to the SE of the fissure show an apparent 530 dip of 7-11° towards the SE edge of the trench, as measured on lenticular sand beds. An 531 additional artificial fill unit 35 cm thick was mapped overlying the tilted gravels that 532 wedges out towards the fissure. Most likely the fissure corresponds to a bending-533 moment fracture developed at the margin of a sagging basin, the zone of maximum 534 flexure, and the wedge-shaped artificial deposit to an accumulation dumped to level the 535 ground deformed by subsidence. The area assigned for the construction of one of the 536 buildings overlaps the fissure and the tilted gravels (Fig. 2B) . 537
538
The synform captured in the GPR profile B, acquired along an asphalt road, pinpointed 539 the location of the edge of the buried sinkhole S12 in two points (Fig. 7B) . In order to 540 map this sinkhole more precisely and obtain information about its internal structure, two 541 aligned trenches perpendicular to the road and on both sides of the infrastructure were 542 excavated (TF and TK). The edges of the trenches were located coinciding with the core 543 of the synform detected in the GPR profile B (Fig. 2A) . In the walls of trench TF we 544 identified a synthetic normal fault dipping towards the centre of the sinkhole and an 545 antithetic fissure. The fault juxtaposes fluvial sediments against man-made deposits and 546
shows a minimum vertical throw of 50 cm (Fig. 8) . The fissure has a horizontal 547 separation of around 1 cm and could correspond to an incipient dome-shaped failure 548 related to loss of basal support. In trench TK a synthetic normal fault dipping towards 549 the centre of the sinkhole at a distance of 25 m from the fault identified in trench TF 550 was identified. Unfortunately, it was not possible to deepen this trench and it had to be 551 studied from outside due to the instability of the walls on the man-made ground. The 552 integration of the information gained with the GPR profile B and the trenches TF and 553 TK suggests that sinkhole S12 is a subcircular depression with a diameter of 25-30 m 554 generated by collapse and probably sagging. 555 556 Active subsidence in sinkhole S11 affects the N-232 highway and a factory situated on 557 the northestern flank of the linear infrastructure (Fig. 2C) . The trench TM was sited on 558 the opposite side of the highway and with a perpendicular orientation with the aim of 559 elucidating whether the edge of the sinkhole S11 is located beneath the highway or in 560 our study area (Fig. 2A) . The lack of deformation in the trench, which exposed 561 horizontally lying gravels, led us to infer that this sinkhole does not affect the area of 562 interest. 563 564 Before the creation of the sinkhole inventory, the construction of buildings overlapping 565 the SE sector of sinkhole S8 had been projected. This sinkhole shows abundant 566 evidence of active subsidence; deformed human structures and InSAR displacement 567 points with subsidence rates of 11.3 and 6.5 mm/yr (Fig. 2C) . However, the location of 568 the SE edge of the sinkhole, mapped following a subtle scarp identified in the 1957 569 aerial photographs, but obscured by later artificial fill, was challenged. In order to 570 corroborate or relocate the edge of the sinkhole in this sector and to obtain additional 571 information on the subsidence depression, two trenches perpendicular to the presumed 572 sinkhole boundary were excavated (TG and TH; Fig. 2A) . 573 574 Five stratigraphic units have been mapped in the 48 m long and 2.8 m deep trench TG 575 (Fig. 9) . Rounded, polymictic and stratified fluvial gravels with an apparent dip of 3-4° 576 to the NW between the reference vertical lines 0 and 33 (unit 1). A sandy silt unit 85 cm 577 thick that wedges out to the SE, interpreted as a natural sinkhole deposit generated by 578 sheet wash (unit 2). Two layers of artificial fill that wedge out to the SE (units 3 and 4) . 579
These two units, with recent human objects, were most likely accumulated after 1957, 580 when the sinkhole still had topographic expression. Units 2, 3 and 4 are restricted to the 581 sector where the terrace gravels are tilted and the feather edge of unit 3 is located next 582 to an extensional structure in the terrace deposits. can estimate average subsidence rates of 0.9-1.0 and 0.8 mm/yr using the dates of 613 samples TG2a and TG2c with an error margin at 1σ , respectively. It is important to take 614 into account that these values have been obtained close to the margin of the sinkhole. 615
The stratigraphy in the depocentral sector of the sinkhole would yield higher cumulative 616 subsidence values and subsidence rates. 617
618
The stratigraphy of the 34 m long trench TH is similar to that of trench TG (Fig. 9) 
